Surface electrodes care widely used to study the electroplhysiology of the A-V conlductinig system. The recording of activity from the human in-situ His bundle represents a practical, clinically useful adaptatioin of surface recording technics. The interpretatioIn of data accumulated by this meanis must be conisidered in relation to the extent to wlhich the surface recordiings from the specialized conducting system accurately reflect activity in the underlying tissue. A combiiation of microelectrode technics to irecord transmembranie actionl potentials and surface recordilng technlies on isolated preparations of caniine coinducting tissue were used to approach this question. Unlder many coinditions the surface electrogram was found to be an accurate indicator of the presence and timing of impulses in the conduteting system. However, during early premature activity, marked decreases or complete absence of surface electrogram voltage could occur at coupling intervals at which premature impulses were still able to propagate through tissue under the electrodes. In addition, early premature activitv could be associated with reversal of polarity of the sur-face electrogram withouit reversal of the direction of propagation. Inaccurate relationiships between the time of inscription of the surface recording and the time of passage of tl-he propagating wcavefront beneath the surface electrodes also occurred with early premature impulses. Finally, there is some evidence that surface electrogr-ams primar ily reflect that activity in the most superficial levels of tissue.
Bipolar electrodes
Transmembinanie potentials lectrophysiology from the tissue mass in a volume conductor. For over a century physiologists and clinicians have studied the properties of these potentials,r-10 and our current understanding of clinical electrocardiography and other electrographic methods has evolved from this body of knowledge. To a large extent the information available in the literature on the theory, nature, use, and limitations of both surface electrograms and potentials recorded remotely from the tissue pertains to the potentials generated by the cardiac mnuscle mass. Only a limited amount of material has been published on the properties of surface potentials and remote recordings from the specialized conducting, systenm. 8 11. 12 That the electrical properties of the specialized conducting system differ from those of ordinary xvorking muscle both qualitatively and quantitatively is well established.8 Moreover, in a purely quantitative sense the specialized conducting system represents only a small fraction of the total electrical activity generated by the heart.
The introduction of catheter-tip bipolar electrodes for study of the in-situ A-V conIducting system1' has led to the accumulation of a large body of information concerning human electrophysiologyv. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The value of this technic is unquestioned. However, the data must be interpreted in the light of the extent to which surface electrode recordings of impulses in the specialized conducting systemil accurately reflect the even-ts occurring in the underlying tissue. Therefore, data on these specific relationships are pertinent to the clinician and clinical physiologist who is interpreting records from the human conducting system. It is likely that one cannot freely extrapolate from the literature on surface activity from ordinary muscle to that of the specialized conducting tissue. The present study xvas carried out to collect data under controlled conditions on the relationship between the events observed on the surface of conducting tissue and those in subjacent cells as determined by intracellular microelectrode technics. The purpose was to identify areas of possible pitfalls in interpreting recordings from the in-situ specialized coniducting system. The results indicate that under certain conditions the data gathered by surface electrogram technics should be interpreted with caution.
Cir ulan.on, Volume XLV, February 1972 Methods All experiments were performed oni isolated segments of the canine conducting system. Adult mongr-el dogs were anesthetized witlh sodium pentobarbital, 30 mg/kg iv, anid the lhearts were reimioved rapidly thl-ouglh a riglht lateral thoracotomy anid placed in cool, oxygenated Tyrode's solu-tioni composed as previously described.2':' The data reported have been collected from studies oni tissue obtained from 30 dogs. The segment of tissue to be studied was excised from the heart anid mounited with small steel pins in a waxbottomed, 20-ml tissue bath thIrough wlhich Tyrode's soltution, equiilibrated with a 95% 02,-5% CO., mixtuire, was flowing at a rate of approximately 8 ml/min. The 
Sl-S2 =262 figure 3A , at an S1-S., interval of 375 msec, when the response to S., occurs during phase 4 of the action potential, the electrograms recorded during both driven and premature stimulation were about 6 mv in amplitude. When premature activity occurred earlier, however, the voltage of the electrogram generated by the premature response almost always changed. At a coupling interval such that the premature response occurred close to the time when the action potential was in transition from phase 3 to phase 4, enhancement of the premature electrogram voltage by as much as 50% was observed in approximately 20% of the preparations studied. As the coupling was fuirther shortened, whether or not enhancement had occurred, progressive decrease in premature electrogram voltage was the rule ( fig. 3B and C) . In most studies progressive decreases occurred until the premature response failed, and the electrogram voltage was usually unmeasurable before the time of failure of the premature response ( fig.  3C) . In approximately 50% of the preparations in which the progressive decreases were recorded, the coupling intervals could be shortened at least 20 msec beyond that interval at which the electrogram became unmeasurable or unidentifiable before failure of propagation of the premature response occurred.
Abrupt failure of propagation of the premature response was observed in some preparations before reaching coupling intervals at which decreased upstroke velocities and amplitudes are expected. In some instances the cause was location of the electrodes distal to the area of maximum action potential duration23 with stimulation proximally. In others the reason could not be identified. In any event this phenomenon was associated with abrupt losses of electrogram voltage rather than the usual progressive decrease. Rapid stimulation of preparations, without the introduction of premature stimuli, had little or no effect on electrogram voltages until the rates became extremely rapid. When the rates of stimulation reached or exceeded 250/min, alternation of action potential duration was commonly observed, and when the alternation was marked it was sometimes associated with alternation of surface electrogram voltage.
Determinants of Surface Electrogram Voltage
A number of electrophysiologic parameters were studied in an attempt to determine which might be responsible for variations in surface electrogram voltages with varying coupling intervals of premature stimulation. The results were complex. One or several cells immediately adjacent to the surface electrodes (less than 100k proximal or distal) and in line with the electrodes were studied with respect to maximum upstroke velocity (maximum dV/dt), upstroke amplitude, and membrane potential or percent repolarization at the time of takeoff of the premature response. Results were consistent during the course of any one experiment but varied from one preparation to the next. In general, no one of these parameters was found to be a consistently best determinant of surface electrogram voltage. The data in figure 5 were plotted from two different experiments. Both curves relate electrogram voltage on the abscissa to maximum dV/ dt of the upstroke of an action potential recorded from a subjacent cell on the ordinate. In one experiment (left), the relationship was expressed as an S-shaped curve, and in the other (right) it was expressed as a straight line figure 7 , the voltage fell from 7.5 mv when the electrodes were touching the surface to less than 1 mv at Circulation, Volume XLV, February 1972 Reversal of Polarity Related to Prematurity When bipolar electrodes were aligned parallel to the direction of propagation of impulses in a bundle branch or false tendon, reversal of direction of propagation resulted in reversal of polarity. Both the polarity of the major deflection and the polarity of initial and terminal minor deflections reversed. During premature stimulation, however, reversals of polarity were sometimes observed without reversals in the apparent direction of propagation. In the experiment shown in figure 8 , the surface electrogram (top tracing) was recorded just proximal to the transmembrane action potential (bottom tracing). Only the premature stimuli and responses are shown. In panel A, at an S1-S, interval of 302 msec, the electrogram of the premature response shows an initial positive deflection followed by a negative deflection and then a small terminal positive deflection. As the coupling interval was shortened, the electrogram deflection became progressively smaller, and it abruptly changed polarity at an S1-S., interval of 254 Figure 8
Reversal of polarity as a function of prematurity. In preparations composed of healthy tissue being stimulated at moderate rates, the time relationships between surface electrograms and transmembrane action potentials in the subjacent tissues were predictable. Bipolar or unipolar electrogram deflections preceded the upstrokes of the transmembrane action potentials when the surface electrodes were just proximal to the microelectrode, and the electrogram deflections followed the transmembrane action potential upstrokes when the configuration was reversed. Anomalous time relationships were sometimes induced by damaging surface cells by means of surface electrode pressure. When premature stimuli were applied to the tissue well beyond the refractory period, the expected time relationships between the electrograms and transmembrane action potentials were consistently observed, and the electrogram deflection could be assumed to identify the time of passage of the impulse at the site of the surface electrodes. On the other hand, premature stimulation close in time to the refractory period frequently resulted in unexpected relationships between the surface electrogram and the activity in the tissue below. In figure 9 the top tracing in each panel is a bipolar surface electrogram recorded from the right bundle branch, the middle tracing is an action potential recorded from a cell just distal to the surface electrodes (100 gL), and the bottom is an action potential recorded from a cell approximately 1 cm distal to the surface electrodes. Each panel shows only the premature stimuli and their responses. In panel A the S1-S2 interval is 341 msec, well in excess of the refractory period of the preparation, and there is a normal time relationship between the three records. In panel B the S1-S2 interval is 277 msec, and a 2-msec delay has developed between the surface electrogram and the proximal action potential. In panel C the S1-S2 interval is 252 msec, and the latency between the premature stimulus and its responses has further progressed. However, the latency is disproportionately large for the surface electrogram, and the delay between it and the proximal action potential has reverted to the relationship seen in panel A. In panel D the S1-S2 interval is 227 msec, and the propagation of the premature response is barely able to occur. The surface electrogram is now quite small but still identifiable as a discrete waveform, and it no longer reflects the time of arrival of the premature propagating wavefront at the proximal site. The occurrence of significant disparities between the expected and observed time relationships between action potentials and surface electrograms was a function of the degree of prematurity of the S2 stimulus and seemed to correlate with the development of nonuniform arrival time of an impulse across the transverse axis of the false tendon or bundle branch (see above). However, none appears to be a consistently best determinant of surface voltage.
The temporal relationship between the inscription of the electrogram deflection and the passage of a wavefront at the level of the conducting system at which the electrodes are located may become unreliable during early premature stimulation. In figure 9A the electrogram coincides with the action potential recorded locally and occurs 5 msec before the action potential recorded 10 mm distally. The conduction time between the two points was identical for the driven impulse and for the premature impulse at this coupling interval. In figure 9D the time from the onset of the prepotential of the proximal action potential to the onset of the distal action potential has increased to 10 msec, but the time from the electrogram to the distal action potential is only 2 msec. Obviously, a conduction time of 2 msec for a wavefront propagating by regenerative conduction at this degree of prematurity is impossible. It is possible that Sl -S2 = 277 S-S2 = 227 Figure 9 Time relationships of surface electrograms and activity in the subjacent tissue. A surface electrogram and two transmembrane action potentials were recorded from the isolated conducting system. The surface electrogram (top) and proxinmal impaled cell (middle) were related as indicated by SE and ,uE-2 in figure 1, The spatial factors in the determination of the magnitude of electrogram deflections are of interest. The rapid decay of voltage recorded as a function of distance from the surface of the tissue suggests the possibility that surface electrograms predominantly reflect only those events occurring very close to the surface. The space constant of the exponential function expressing the voltage decay as a function of distance was consistently found to be in the range of 160 to 200 g in these experiments. Therefore, the surface electrograms recorded from a structure a few millimeters in diameter (such as the human His bundle ) 34 should predominantly reflect the activity from superficial layers of tissue. The electrical potential recorded from the surface would receive progressively fewer contributions from the tissue under the surface, and these contributions would become minor at depths greater than 200 to 250 a. A rational explanation for our observations of time and voltage variations during premature impulse propagation can then be evolved from the combination of decreased instantaneous signal strength, resulting from weak biologic signals and dissociated propagation as a function of prematurity, and rapid signal decay as a function of distance from the signal source. The voltage decay as a function of distance is much greater for specialized conducting tissue than for cardiac muscle mass, as is of course predictable based on the quantity of the muscle mass. However, a rate of decay causing the potential to fall to 15% of the surface value at 0.5 mm from the tissue surface under ideal conditions could not be predicted.
Clinical Relevance
The transposition of data obtained from isolated animal tissue to the clinical setting must always be done with caution. Nonetheless, the data presented suggest the necessity for careful interpretation of surface recordings such as His bundle electrograms. Certainly, under most conditions the surface recordings provide an accurate and reliable indicator of the events in the underlying tissue. However, during early premature activity and in some situations during very rapid rates of stimulation, some pitfalls of the technic must be considered. In summary, in the interpretation of data obtained by surface technics, the absence of a surface electrogram deflection during premature activity in the specialized conducting system may not mean the absence of a propagating premature impulse; the reversal of polarity during premature activity might not indicate reversal of the direction of propagation; and the time of occurrence of the major electrogram deflection during early premature activity might not accurately reflect the time of passage of the propagating wavefront. Finally, there is some indication that the surface electrogram predominantly reflects activity only from the most superficial layers of a tract of conducting tissue.
